Abstract: Decorrelate-and-forward relaying scheme for wireless synchronous code division multiple access (CDMA) networks where multiple sources communicate with a destination supported by multiple relays in flat Rayleigh fading channels is considered. By exploiting equicorrelated spreading sequences, a simple near-far resistant decorrelator together with a beamforming scheme at each relay and the maximal ratio combiner (MRC) at the destination are developed in order to achieve the full cooperative diversity for every source. Different from the case with a single source, the beamforming design in multiple-source networks needs to take into account the amount of transmit power each relay spends to forward the signals from the sources. As such, the authors also propose a novel power allocation scheme to improve the fairness among the sources in terms of the instantaneous signal-to-noise ratio. Simulation results demonstrate the effectiveness of the proposed solution.
Introduction
Relaying techniques for multi-source (or multiuser) cooperative networks have been recently considered and analysed in a number of papers [1] [2] [3] [4] . In particular, power allocation for orthogonal amplify-and-forward (AF) relay networks with multiple source-destination pairs supported by multiple relays is considered in [1] . It is assumed in [1] that there is no direct transmission between a source and its destination and the transmission from each source to its destination is assisted by only one relay. Note that if the relay assignment is fixed at the connection setup phase, diversity is not fully exploited in the system. The simplicity of the network model considered in [1] leads to a simple power allocation problem in the form of standard geometric programming, which can be readily solved by some efficient numerical tools [5] . In contrast, relay selection schemes for orthogonal DF cooperative networks with multiple source-destination pairs are proposed in [2] , where each node has data to transmit to its own destination and also acts as a potential relay for other nodes. If all relays forward the information data for all sources, the number of orthogonal channels required is K for the first phase and K (K À 1) for the second phase, where K is the number of sources (which is also the number of source-destination pairs). Relay selection is therefore implemented in order to avoid the large bandwidth consumption required to support orthogonal channels. However, in order to maintain the full diversity order the relay selection schemes proposed in [2] require that each destination knows the set of all relays which successfully decode its source's information. Furthermore, the information on which relays should be chosen needs to be sent back from the destinations to all relays. It should also be pointed out that only equal transmit power at the relays is considered in [2] .
In [3] , a multiuser cooperative network with nonorthogonal transmission scheme using complex field network coding is proposed. Using the maximum likelihood multiuser detection, the full diversity order with a throughput as high as 1/2 symbol per source per channel use is proved to be achieved at high signal-to-noise ratio (SNR) region. It is worth pointing that in orthogonal transmission schemes, the throughput is only 1/(2K ) symbol per source per channel use. However, when the number of users, K, increases (e.g. K ! 4), although the diversity order is maintained, performance degradation is very severe. Furthermore, the fact that relay selection schemes outperform parallel relaying schemes means that multiple-access interference (MAI) and inter-relay interference (IRI) might not be effectively eliminated when the number of users is large. Another amplify-and-forward (AF) relaying scheme with multiple source-destination pairs is considered in [4] with non-orthogonal transmissions from all the sources in the first phase and from all the relays in the second phase. With a welldesigned distributed beamforming scheme among all the relays, both MAI and IRI can be proportionally reduced with the number of relays. However, the drawback is that perfect channel state information (CSI) needs to be made available at all the relays.
Applying code-division multiple access (CDMA) technique in multiuser cooperative networks has also been studied in [6, 7] . Specifically, simulation results in [6] show that with the AF relaying scheme, spatial diversity may be achievable only when the MAI and IRI are efficiently mitigated. This conclusion in [6] is then proved for the scheme proposed in [7] where the minimum mean-squared error multiuser detector (MMSE-MUD) is applied at the relays and destination. By using the so-called 'relay-assisted decorrelator' (RAD), the signals forwarded from the relays are separated completely while the noise at the destination is kept uncorrelated. In [7] , a beamforming technique is also implemented at the relays. However, the error performance is still limited since the beamforming vector for each user is calculated based on the statistical mean values of the sources' symbols decoded at the relays. Owing to the complexity of multiuser detection, power allocation is not considered in [7] .
In [8] , a simple CDMA multiuser decorrelating scheme is introduced for non-cooperative transmission when equicorrelated spreading codes are employed. With this scheme, in addition to K spreading codes for K users, one spreading code is reserved for detecting the signals from all users. Therefore the receiver consists of a bank of K þ 1 matched filters. The detection of the transmitted signal from each user can be carried out by first subtracting the output of each matched filter to the output of the 'reserved' matched filter so that the MAI is removed. This decorrelation approach is much preferred to the conventional linear multiuser detector [9] since it does not need a matrix inversion in its operation. This paper develops a 'decorrelate-and-forward' (DCF) relaying scheme for multi-source multi-relay cooperate wireless synchronous CDMA networks, which exploits the simple decorrelator [8] with a noise whitening process (e.g. see [7] ) and the joint signal processing at the relays and destination proposed in [10] . The combined scheme can completely eliminate the MAI at the expense of a small reduction in bandwidth efficiency because of the need of having a reserved spreading code. This reduction is negligible when the number of users becomes large. As a result, the full diversity order can be achieved. Furthermore, we also propose a power allocation scheme in order to maximise the minimum SNR of the signals from all sources received at the destination under the total and/or individual transmit power constraints on the sources and relays. Assuming that perfect CSI is available at the destination, all parameters of the beamforming scheme (used at the relays) and power allocation (used at the sources) are computed at the destination and then sent back to all sources and relays before the data transmissions are carried out. Simulation results show that the proposed scheme can successfully balance the instantaneous SNRs, and consequently the error performances, among all the users.
The rest of the paper is organised as follows. Section 2 describes the system model for a multiuser wireless CDMA network and the DCF relaying scheme. Section 3 proposes a power allocation scheme among the sources and/or relays in order to balance the instantaneous SNRs of the signals from all sources received at the destination under total and individual power constraints. Simulation results are presented and discussed in Section 4. Some concluding remarks are given in Section 5.
Notations: Italic, bold italic lower-case and bold italic uppercase letters denote scalars, vectors and matrices, respectively. The superscripts (Á) Ã , (Á) T , and (Á) H stand for complex conjugate, transpose, and Hermitian transpose, respectively. The notation x CN (m, S) means that x is a vector of complex Gaussian random variables with mean vector m and covariance matrix S, while diag(x 1 , x 2 , . . . , x N ) represents a diagonal matrix with x 1 , x 2 , . . . , x N on its diagonal.
2 Multiuser wireless CDMA networks with DCF relaying scheme www.ietdl.org equipped with one antenna that operates in a half-duplex mode. All the 'direct' channels (sources-destination), 'uplink' channels (sources-relays) and 'downlink' channels (relays-destination) are subject to independently Rayleigh distributed fading with different variances (i.e. the average attenuations of individual channels are different).
It is noted that synchronisation in wireless cooperative networks is a challenging task. In general, if a central processing unit is available (e.g. can be implemented at the destination) and the energy consumption constraint is not so strict, network synchronisation can be achieved in the same principle as in conventional cellular networks by exploiting a master-slave structure with the central unit broadcasting a training signal. Otherwise, mutual time and carrier synchronisation methods (also referred to as distributed synchronisation) could be applied [11, 12] . However, in this paper we assume perfect synchronisation as also considered in [1, 6, 7, 13] and leave the synchronisation issue as a potential problem for future works.
In the system model under consideration, each source is assigned a unique equicorrelated signature waveform c k (t) of duration 0 t T b , where T b is the symbol duration (which is also the bit duration if binary phase-shift keying modulation is used). All the signature waveforms are normalised to have unit energy, that is
Moreover, one spreading waveform, c 0 (t), is reserved for detecting the signals from all the sources. The constant cross-correlation between any two spreading waveforms is r ¼
T as follows
where If random spreading codes are employed, then the MMSE-MUD can be used at the receiver sides to decorrelate the signals. However, by using equicorrelated spreading sequences, a much simpler receiver structure, which was originally proposed in [8] for non-cooperative CDMA transmission, can significantly reduce the overall complexity of the signal processing at the relays in the multi-user cooperative network.
With the DCF relaying protocol, every transmission consists of two phases. In the first phase, the kth source transmits symbol b k through the channel f k to the destination and through the channel g lk to the lth relay. At the destination, the received signal can be written as follows
where P S,k is the transmitted power of the kth source and n (1) (t) represents a white Gaussian noise process at the destination in the first phase. The kth matched-filter's output is
whereas the output of the reserved matched filter is
where
T is the spreading code corresponding to the kth user, c 0 is the 'reserved' spreading code and n (1) CN (0, s 2 I ) represents the additive white Gaussian noise vector.
Based on (3) and (4), the soft estimate of the information symbol b k in the first phase can be calculated as
where the noise term is
It is noted that the result in (5) is similar to that obtained with the conventional decorrelator in a CDMA system, where the MAI is completely removed. The detector in (5) is therefore near -far resistant. The key difference is that the equicorrelation-based decorrelator does not require an inversion of the correlation matrix of the signature waveforms, which leads to a significant reduction in the complexity of the receivers, especially when the number of users is large. Compared to the single-user case, since the powers of the received signal and the noise in (5) are scaled by factors (1 À r) 2 and 2(1 À r), respectively, there is a reduction ratio of D c ¼ 2=(1 À r) experienced by the SNR. It is noted that D c can also be considered as a noise amplification factor.
Similarly, the signals produced by the equicorrelationbased decorrelator at the lth relay in the first phase can be represented by
where g lk is the 'uplink' channel from the kth user to the lth relay, n lk CN (0, 2(1 À r)s 2 ) accounts for the white Gaussian noise experienced in this channel. In the second phase, each signal r lk component is first normalised by a lk and then processed by the 'beamforming' coefficient by w lk . To have a transmitted power of jw lk j 2 for the information symbol of the kth user by the lth relay, the normalisation factor a lk is as follows
After the normalisation and beamforming operations, the K users' signal components could be re-spread and forwarded to the destination using the same set of spreading sequences {c k (t)}, k ¼ 1, . . . , K as in the first phase. However, with such a direct re-spreading at each relay, noise amplification will happen in the second phase of the transmission. In order to reduce noise amplification at the destination, a precoding operation shall be performed at each relay as described in the following.
Then it follows from (6) that r l can be written as
Then the signal components obtained by normalising and beamforming r l , denoted by r l , is
be the spreading code matrix and R ¼ C H C be the correlation matrix. Assume that R is non-singular (i.e. r should be in the range [À1=(K À 1), 1) [14] ). The Cholesky decomposition of R is R ¼ LL H , where L is a K Â K lower triangular matrix.Then, at the relays, instead of being re-spread by the spreading code matrix C, r l is re-spread by the matrix CL ÀH . This is, in fact, a process of orthogonalisation of the spreading codes since L À1 C H CL ÀH ¼ I , which was also employed in [7] under the name of noise whitening. The signals to be forwarded to the destination,r l ¼ [r 1l , . . . ,r Nl ] T , can be written in the following form
With the above precoding operation, the despreading process carried out at the destination in the second phase gives
where h l is the 'downlink' channel from the lth relay to the destination and n (2) CN (0, s 2 I ) represents the additive white Gaussian noise vector. The kth element of z (2) can be represented by
Finally, the signal components z 
where (a 1k h 1 , . . . , a Lk h L ). Furthermore, the corresponding SNR at the output of the MRC for the kth user can be expressed as
where P R,k ¼ kw k k 2 is the total transmitted power of all relays assign for the kth source in the second phase.
Also from [10] , the optimal 'distributed' beamforming vector for the kth user that further maximises SNR k can be found by applying the Rayleigh-Ritz theorem [15] to the Rayleigh quotient form of the second term of (13) . It is given as 
and
The beamforming vector given in (14) and (15) has a similar form to many filters or equalisers found in different signal processing problems, including the LMMSE chip-level equaliser (see e.g. [16] ). These filters are usually designed to minimise some meansquared error criterion or maximises the signal-to-noise ratio under perfect channel state information.
It should be pointed out that, while the transmit powers of all relays in [10] are used for only one source, in our case they should be efficiently allocated for signals from all sources. The beamforming vector w k itself includes the transmit power each relay assigns to the kth source. This fact leads to a complicated joint beamforming and power allocation problem. Moreover, up to this point we have only mentioned about the total relay transmit power assigned for each relay, P R,k . The relationship between P R,k and the total transmit power of each relay will be discussed in Section 3 when the power allocation problem is formulated.
With the above optimal beamforming vectors, the instantaneous SNR in (13) becomes
The form of the instantaneous SNR in (16) clearly shows that the full diversity order of L þ 1 can be obtained, provided that full CSI is available at the relays and destination (see e.g. [17] or [10] for a proof). Also from (16), it can be seen that performance improvement by performing precoding at the relays depends on the instantaneous harmonic means of the 'uplink' and 'downlink' channel gains. In particular, if jh l j ( jg lk j, the improvement is more pronounced.
Before closing this section, it should be mentioned that in order to compute the beamforming coefficients in a distributed fashion, that is, at individual relays, information exchange among the relays is required. This is true even when the total transmitted power in the second phase is allocated equally among the users (i.e. P R,k is the same for all k). This is because although the lth relay can computew lk , k ¼ 1, . . . , K , in order to calculate x k and then w lk it needs to know w lk , l ¼ 1, . . . , L, which are calculated by other relays. A central processing unit is therefore necessary not only to keep the system overhead at an acceptable level but also to compute a more efficient power allocation scheme rather than the equal-power allocation scheme among the users in the second phase. Thus, it is reasonable to assume that the destination can estimate the direct path and all downlink channel coefficients whereas the relays estimate the uplink channel coefficients and forward them to the destination. The destination then computes all required parameters and send back the joint beamforming, {w l } L l¼1 , to the relays and power allocation scheme, {P S,k } K k¼1 , to the sources. The destination can also estimate the 'composite' channels (i.e. the products of the uplink and downlink channel coefficients of each relay) as proposed in [18, 19] and the downlink channel coefficients separately. In this case, each relay does not need to estimate its uplink channel and the destination will send back {a l w l }
. It is also noted that all the aforementioned and following calculations are obtained under the assumption of perfect channel estimation. The next section considers the power allocation problem in more detail.
Power allocation
In order to further exploit all the instantaneous channel information, power control over the sources and/or relays can be performed to optimise some performance criteria of the network such as maximising the minimum SNR k , maximising the total throughput or minimising the total power consumed.
Considered in this section is a power allocation scheme that maximises the minimum SNR k among all the sources under both the total power constraint and individual power constraints on the sources and relays. The problem is formulated as follows
k jw lk j 2 is the lth relay's transmitted power, P total is the maximum power the whole network is allowed to transmit, P S,k,max and Q l,max are the highest power levels the kth source and lth relay can use, respectively. If each source is assisted by only one relay and there are no direct connections from the sources to the destination, problem (17) - (21) becomes exactly the same as problem (1a) -(1d) in [11] . Moreover, the proposed scheme also provides a cooperative diversity (beyond what offered by power allocation) by exploiting the channel knowledge as in [1] . Similar problems with other objective functions can be readily extended (e.g. see [20, 21] ).
Since P R,k is one of the main variables of the optimisation problem, constraint (21) consideration. Note that x k affects the total power allocated for each user in the second phase, P R,k , thus, it also affects SNR k . When the optimal set of {P S,k , P R,k } K k¼1 is found, the beamforming schemes at all relays are then computed. In other words, the solution of the above problem is exactly a joint beamforming and power allocation scheme.
To solve problem (17) - (21) the successive convex method proposed in [22] might be applied. However, from (15) and (16), it can be seen that the approximations of (17), (18), (20) as posynomials and (21) as a monomial are very involved, even with a small number of relays (e.g. L ! 3), and therefore can cause a significant delay in computing the optimal power allocation scheme. In order to achieve a certain improvement level while simplifying the calculation, bounds can be used to formulate a solvable suboptimal problem as explained in the following.
At medium and high SNR regions, the following bounds are proved to be tight enough and widely used (e.g. see [23 -25] )
Applying [23] , SNR k given in (13) is lower bounded by
Using Lemma 1 in [22] , SNR k,lower can be approximated as
The above is basically the best local monomial approximation of SNR k,lower near a fixed set of (P Ã S,k , P Ã R,k ) in the sense of the first-order Taylor approximation, where (18) can be replaced by
Using the bounds given in (23), one can approximately replace constraint (20) by
Note that Q l ,upper is a posynomial in P S,k , P R,k , x k and l lk . The last and most challenging task is to handle the equality constraint (21) which clearly reflects the coupling relationship between the beamforming and power allocation scheme. If we use the lower bound in (23) to relax (21) by
then it is likely that x k may be set to some very small value in order to easily satisfy the approximated constraints (27)-(29). This is because x k has no direct effect on the objective function (17) in the sense that the formula of SNR k given in (16) does not explicitly include the term x k .
To avoid this difficulty we propose a 'heuristic' power allocation problem that can be formulated in the form of a combination of two sub-problems. The first one is to find the optimal power allocation scheme (P S,k , P R,k ) with no individual constraint on the transmitted power of each relay, and the second problem will adjust the set of P R,k in order to find the appropriate value of x k .
In order to transform the objective function (17) into a monomial}, let g ¼ min k SNR k . With the variables l lk , k ¼ 1, . . . , K , and l ¼ 1, . . . , L, defined in (22) , the first sub-problem can be formulated as
s.t.
g SNR l lk
(1 À r) 2s 2 P S,k jg lk j 2 (34)
Denote (P w S,k , P w R,k ) the power allocation scheme obtained from solving problem (30) -(35). The second sub-problem, which can be considered as a tightening process [5] , is in the form of an auxiliary geometric programming problem. It is written as follows
wherew w lk is given in (14) and it is calculated based on (P w S,k , P w R,k ) obtained from solving problem (30) -(35). Note the constraint (37) is still a relaxed version of the normalisation of beamforming vector in (14) . This inequality constraint will approach the equality by iteratively updating the optimal values P w R,k corresponding to x w k found in problem (36) -(38) as follows
Owing to the power constraint (38) on each relay, P w R,k, found in problem (36)-(38) is less than or equal to P w R,k, found in problem (30)-(35). Thus, instead of using the total transmitted power P total allowed, the network uses a smaller amount, and a certain performance degradation is experienced, which depends on how strict the power constraints on the relays are.
min l {Q l ,max }, the normalisation factor x k can be calculated directly based on (P w S,k , P w R,k ) obtained from solving problem (30) -(35) by normalising the beamforming vectors given in (14) . In particular, when Q l,max ! P total , which might be the case of fixed relays with a high power budget (or no individual power constraint applied on each relay), only the first sub-problem is needed. In this case, the first sub-problem can be solved efficiently using the successive convex method proposed in [22] while x k can also be calculated directly based on (14).
Simulation results
In this section, the error performance of the equicorrelationbased decorrelating multiuser relaying scheme is studied. Performance of the scheme proposed in [7] is also simulated for comparison purposes. Finally, performance improvement achieved with the power allocation scheme proposed in Section 3 is illustrated.
Equal power allocation
All the direct channel path gains f k , the 'uplink' and 'downlink' channel coefficients g lk , h l are assumed to be i.i.d. Rayleigh fading with variances 1/16, 1, 1, respectively (i.e. a symmetric channel model). The power of AWGN at the relays and destination is normalised to 1. The network consists of six sources (i.e. K ¼ 6), each employs a shifted version of an m-sequence with spreading factor N ¼ 7 and the cross-correlation factor r ¼ 21/7. Note that Gold sequences or some Welch-bound sequences can be employed in this model since they are also equicorrelated spreading sequences.
Each source transmits with power P S,k ¼ P total =(2K ) while L relays equally share the total transmitted power P total /2 [i.e. each with power Q l ¼ P total =(2L)]. The symbol-error rate (SER) is calculated based on the total power P total . Fig. 2 compares the performance of the proposed DCF relaying scheme and the scheme proposed in [7] . In this symmetric simulation set-up, the performance improvement by performing precoding in the proposed scheme is less than 1 dB, but the overall performance improvement compared to the MMSE RAD-MUD scheme in [7] is about 2.5 dB at the SER of 10 
Proposed power allocation
In order to evaluate the performance of the proposed power allocation, asymmetric independent Rayleigh fading channels with different variances of path gains shown in Table 1 are considered. The GP tool used in this simulation is GPPlab (See http://www.stanford.edu/~boyd/ ggplab/). Since all the inequality constraints in problem (30) -(35) must be met with equality at optimality, with an identical constraint on the lower bound of the SNR of each user, the error performances of all users should be the same. As can be seen in Fig. 4 , without the power constraints on the relays the fairness among all users is improved significantly by performing the proposed power allocation. The improvement decreases when the individual power constraints are also applied on the relays. In our simulation, the maximum transmitted power that each source and each relay in the network can use is P total /K. The performance curves in Fig. 4 show that the proposed power allocation scheme works very well at moderate and high SNR regions, even with individual power constraints applied on all the sources and relays.
Conclusion
This paper has developed a DCF relaying scheme for multiuser wireless CDMA networks with equicorrelated spreading sequences. Since MAI and IRI are completely eliminated with DCF relaying, the full diversity order can be obtained for every user with a simple transceiver structure implemented at the relays and destination. A centralised max-min power allocation scheme based on geometric programming has been proposed under a fixed total and/or individual transmit powers of the sources and relays. Although being a heuristic solution, simulation results have shown that the proposed method can successfully provide the fairness among the users in terms of the SNR regardless of their channel conditions. 6 References 
